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Over the past two decades, fundamental strides in physiology and genetics have allowed
us to ﬁnally grasp the developmental mechanisms regulating body size, primarily in one
model organism: the fruit ﬂy Drosophila melanogaster.I nDrosophila, as in all animals, ﬁnal
body size is regulated by the rate and duration of growth. These studies have identiﬁed
important roles for the insulin and the target of rapamycin (TOR) signaling pathways in
regulating the growth rate of the larva, the stage most important in determining ﬁnal adult
size. Furthermore, they have shown that the insulin/TOR pathway interacts with hormonal
systems, like ecdysone and juvenile hormone, to regulate the timing of development and
hence the duration of growth.This interaction allows the growing larvae to integrate cues
from the environment with environmentally sensitive developmental windows to ensure
that optimal size and proportions are reached given the larval rearing conditions. Results
from this work have opened up new avenues of studies, including how environmental
cues are integrated to regulate developmental time and how organs maintain proportional
growth. Other researchers interested in the evolution of body size are beginning to apply
these results to studies of body size evolution and the generation of allometry.With these
new ﬁndings, and with the developments to come, the ﬁeld of size control ﬁnds itself in
the fortunate position of ﬁnally being able to tackle century old questions of how organisms
achieve ﬁnal adult size and proportions.This review discusses the state of the art of size
control from a Drosophila perspective, and outlines an approach to resolving outstanding
issues.
Keywords: environmental effects on body size, insulin/target of rapamycin signaling, ecdysone, juvenile hormone,
regulation of organ growth, growth rates, developmental timing, genetics of body size and proportions
INTRODUCTION
Body size and relative proportions of organs are characteristic
features that distinguish one species from the next. The alter-
ation of size and shape to produce the wide variety of forms seen
in nature has fascinated biologists for centuries. Over the past
10years,researchershaveusedthefruitﬂyDrosophilamelanogaster
to approach the problem of how development ensures that organ-
isms achieve the appropriate body and organ size. These efforts
have provided insight into four broad and partially overlapping
sub-disciplines of body size regulation (Figure 1). They have:
(1) elucidated how environmental signals regulate developmen-
tal programs to control size; (2) highlighted how environmentally
regulated hormone production controls the progression of devel-
opment and duration of growth; (3) addressed the genetic under-
pinnings of population-level variation in body size; and (4) sug-
gestedmechanismsthatallowthebodytocoordinatethegrowthof
organstomaintaincorrectproportions.Strikingly,theoverallpic-
turefromthesestudiesdemonstratesthatoftenthesamesignaling
pathwaysareemployedtomediateeachofthesedifferentaspectsof
size regulation. Our new challenge is to synthesize these different
dataintoacohesive,andcoherent,understandingof bodysizereg-
ulation. Here we begin to address this challenge by concentrating
on recent ﬁndings, mostly in Drosophila, with the intentions of
integrating the relevant data across these sub-disciplines in size
control and highlighting outstanding problems.
DROSOPHILA AS A MODEL FOR UNDERSTANDING BODY
SIZE REGULATION
In Drosophila,asinallinsects,adultbodysizeisdeﬁnedbygrowth
mostly in the larval but also in pupal stages. During metamor-
phosis, the rigid exoskeleton of the adult body differentiates and
constrains any future increase in the body’s dimensions. For this
reason, understanding the mechanisms regulating the ﬁnal size
and proportions of the adult requires examining growth in the
larval stages.
Drosophila goes through three larval stages before initiating
metamorphosis. During this period, both the larval tissues and
the tissues that will metamorphose to form the adult body, called
the imaginal tissues, increase in mass, and undergo development
in response to internal physiological signals and to external cues
from the environment. The culmination of environmental,physi-
ological, genetic, and organ-speciﬁc effects on growth acts at this
time to determine the ﬁnal size and proportions of the adult body
(Figure 1).
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FIGURE 1 |To produce a correctly proportioned animal whose physiology
and size is appropriate for the environmental conditions in which it was
reared, body size needs to be regulated on several levels. First, the
environment controls developmental processes that determine ﬁnal body size
(A). As temperature increases, body size tends to decrease. Furthermore, as
protein content in the larval food increases, adult size increases.This is due to
the action of environmentally regulated signaling cascades on mechanisms
that regulate growth rate and developmental timing (B).The fat body senses
nutritional conditions and communicates this to the central nervous system
(CNS) via a fat body derived signal (FDS).This FDS acts on the insulin
producing neurosecretory cells to regulate the production of Drosophila
insulin-like peptides (dILPs). dILPs, in turn regulate growth rate and the
production of the steroid molting hormone ecdysone (E) by the prothoracic
gland cells thereby determining the duration of the growth period. For any
given environmental condition, the genetic background contributes to overall
body size (C). For example, independent of rearing conditions, males are
typically smaller than females. Lastly, in addition to this physiological
regulation of whole body size, the size of individual organs is controlled by
mechanisms that regulate organ-autonomous growth and those that ensure
organs grow in proportion to one another (D).
ENVIRONMENTAL REGULATION OF BODY SIZE: SIGNALING
PATHWAYS CONTROLLING GROWTH IN RESPONSE TO
ENVIRONMENTAL CUES
A host of environmental cues, including temperature (Partridge
et al.,1994; Santos et al.,1994; Nunney and Cheung,1997; French
etal.,1998;RobinsonandPartridge,2001),oxygenlevels(Peckand
Maddrell, 2005), infection (DiAngelo et al., 2009), and nutrition
(Beadle et al.,1938; Robertson,1963) modify developmental pro-
grams to produce organisms of an appropriate size. Recent work
has focused,for the most part,on deﬁning the signaling pathways
that allow nutrition to modulate size.
For most organisms, the insulin/target of rapamycin (TOR)
signaling pathways act to coordinate the rate of growth with
nutritional signals. Drosophila produces seven insulin-like pep-
tides (dILPs) in the central nervous system (CNS), gut, imaginal
disks, and fat body (Brogiolo et al., 2001). Most of the nutrition-
dependent regulation of growth is thought to arise from dILP
secretion by the brain. Here,seven pairs of neurosecretory cells in
the protocerebrum produce dILP2, 3, and 5 (Ikeya et al., 2002).
Ablating these neurosecretory cells greatly reduces larval, hence
adult,body size (Ikeya et al.,2002;Rulifson et al.,2002).Although
dILP2 transcription does not depend on nutrition, starvation
reduces the synthesis of both dILP3 and 5 mRNA (Ikeya et al.,
2002). Furthermore, starvation prevents the secretion of both
dILP2 and dILP5 by these cells (Géminard et al., 2009).
Once released into the hemolymph, dILPs activate a single
insulin receptor (InR) in target tissues (Brogiolo et al., 2001).
Activation of InR initiates a phosphokinase signal transduction
cascade, the insulin signaling pathway, that regulates growth rates
both by activating positive growth regulators, such as Akt and
RAS/MAP Kinase (Yenush et al., 1996), but also by suppressing
negative growth regulators, such as FOXO and TSC1/2 (Gao and
Pan, 2001; Potter et al., 2001; Gao et al., 2002; Garami et al.,
2003; Kramer et al., 2003). TSC1/2 negatively regulates growth by
suppressing the activity of a second nutrient-sensing signal trans-
duction cascade, the TOR signaling pathway, which is believed
to be one of the most ancient nutrient-sensing pathways, and is
present in organisms as diverse as bacteria, plants, and animals
(Wullschleger et al.,2006). The TOR pathway responds directly to
intracellularaminoacidconcentration(Gaoetal.,2002),eithervia
theTORcomplexitself (Kimetal.,2002)oritsupstreamactivator
Ras homolog enriched in the brain (Rheb; Garami et al., 2003;
Saucedo et al., 2003; Bai et al., 2007). Activation of TOR in turn
results in the activation of Akt (Sarbassov et al., 2005), thus the
insulinandTORpathwaysconvergetoactivateatleastsomeof the
same downstream targets.
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In Drosophila larvae, the insulin/TOR pathway interacts in a
humoral fashion to regulate the growth of the larva in response to
nutrition. The locus of this interaction is the fat body, an organ
that serves as the primary storage tissue and nutrient relay cen-
ter. During feeding, the inﬂux of amino acids into the fat body,
through the activity of amino acid transporters, stimulates TOR
signaling (Colombani et al., 2003), which causes the release of a
nutrition-dependent fat body derived signal (FDS) whose nature
is, as of yet, unknown. The FDS in turn regulates growth of the
surrounding tissue (Britton and Edgar, 1998; Colombani et al.,
2003), in part by regulating the release of dILPs from the brain
(Géminard et al., 2009). Thus, the fat body couples the level of
dietary amino acids to dILP production (Géminard et al., 2009):
a reduction in developmental nutrition suppresses TOR signaling
in the fat body which in turn reduces insulin signaling in other
tissues by blocking the release of dILPs.
While adult size results from growth during the larval feed-
ing stage, during the wandering larval stage and the non-motile
pupal stage many of the developing adult organs grow and differ-
entiate after the cessation of feeding even though the animal does
not increase in mass. Growth during these periods presumably
utilizes stored nutrients accumulated whilst larvae feed. Recent
studies show that growth during these stages results from the
production of dILP6 by the fat body, whose expression greatly
increases at the onset of wandering behavior and during star-
vation (Okamoto et al., 2009; Slaidina et al., 2009; Chell and
Brand, 2010). In both cases, continued growth and develop-
ment must rely on stored nutrients, and the production of dILP6
by the fat body may serve as a signal that ensures growth is
proportional to the amount of nutrient reserves. Thus the fat
body mediates growth both during the feeding and non-feeding
stages.
Insulin/TORsignalingrespondstootherenvironmentalcondi-
tions. Drosophila infected with the symbiotic bacteria Wolbachia
have higher levels of insulin/TOR signaling and show more mod-
erate reductions in body size when insulin signaling is reduced
throughout the whole body than uninfected individuals (Ikeya
et al., 2009). Furthermore, the gut endosymbiont Lactobacillus
plantarum increases growth and attenuates developmental delays
inresponsetopoornutritioninlarvae(Storellietal.,2011).Inthe
case of infection, the Toll signaling pathway is activated in the fat
body, resulting in a decrease in insulin signaling in these cells and
throughout the body (DiAngelo et al., 2009). Thus, insulin/TOR
signaling may also regulate changes in body size and development
time in response to the presence of infectious or commensal bac-
teria. For other environmental factors, such as temperature and
oxidative stress, it is unclear whether insulin/TOR signaling plays
a role.
At least in some cases, environmental signals appear to use
divergent mechanisms to achieve similar overall results. Larvae
reared at higher temperatures or lower nutrient conditions both
produce smaller adults. Adults from larvae grown at higher tem-
peratures have smaller wings (Partridge et al., 1994), much like
adults from starved larvae (Figure 2). However, organs show
different scaling relationships, or allometries, in response to tem-
perature and nutrition (Shingleton et al., 2009). Changes in wing
size generated by nutritional deprivation scale more-or-less pro-
portionatelywithbodysize(isometricscaling),whereaschangesin
wingsizeresultingfromrearingtemperaturesscaledisproportion-
ately (hyperallometric scaling; Shingleton et al., 2009). The result
isthatﬂiesrearedatlowertemperatureshaveproportionallylarger
wings for their body size than ﬂies reared at higher temperatures.
Whetherthesescalingrelationshipsrepresentdifferencesinthesig-
naling pathways used to regulate growth in response to nutrition
FIGURE2|O r g a n sd i f f e ri ntheir scaling relationships to overall body size
depending on the type of environmental cue (Shingleton et al., 2009).
Isometric scaling indicates that a structure scales proportionally with body
size. Hyperallometric scaling occurs when the size of a structure increases
disproportionately with increasing body size. Structures that are
hypoallometric do not increase or increase very little with increasing body size.
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and temperature or differences in how cells respond to common
growthregulatorypathwaysunderdifferentenvironmentalcondi-
tions remains unclear and would be a fruitful area of future study.
PHYSIOLOGICAL REGULATION OF BODY SIZE:
INTERACTIONS BETWEEN ENVIRONMENTALLY REGULATED
SIGNALING PATHWAYS AND THE HORMONE SYSTEMS
THAT CONTROL DEVELOPMENTAL TIMING
Attaining correct body size in a variable environment involves
regulating the rate of growth, and also the length of the growth
period.InDrosophila andmanyotherorganisms,theinsulin/TOR
pathway regulates growth rate at least in response to nutrition.
Furthermore, this signaling pathway acts to control developmen-
tal time by regulating environmentally sensitive developmental
transitions. These transitions, in turn, occur in response to the
production of the steroid molting hormone, ecdysone, and the
sesquiterpenoid“status quo”hormone, juvenile hormone (JH).
Developing insects show a number of developmental transi-
tions that respond to environmental cues. Several environmen-
tally dependent transitions control the onset of metamorphosis.
Threshold size for metamorphosis is the minimal size at which a
larva will molt to the last larval stage in preparation for metamor-
phosisratherthantoanotherlarvalstage(Figure3;Nijhout,1975),
minimalviableweightforpupariationandeclosionrepresentsthe
minimal size to survive to metamorphosis and adulthood respec-
tively (Figure 3; Nijhout and Williams, 1974a) and critical weight
isthesizeabovewhichstarvationnolongerdelaysmetamorphosis
(Figure 3; Nijhout and Williams, 1974a). Although these transi-
tionsaredeﬁnedasafunctionof larvalbodysize,infacttheymost
likelyreﬂectenvironmentallysensitiveregulationofhormonesyn-
thesis that correlates with body size. Once hormones surpass a
stage-speciﬁcthreshold,theycuethedevelopmentaltransitionand
development progresses to the next stage.
Ofthesedevelopmentaltransitions,criticalweightanditsregu-
lation by developmental nutrition is best understood at the physi-
ologicalandgeneticlevel.InboththelepidopteranManducasexta
and Drosophila,larvae starved in the early stages of the ﬁnal larval
instar,beforereachingcriticalweight,eithersigniﬁcantlydelaythe
onset of metamorphosis (Beadle et al., 1938; Mirth et al., 2005;
Shingleton et al., 2005; Stieper et al., 2008) and delay patterning
of their presumptive adult tissues,the imaginal disks (Mirth et al.,
2009), or die before achieving metamorphosis at all. In contrast,
starving larvae post-critical weight does not delay metamorphosis
(and actually accelerates it in Drosophila) and permits continued
patterning of the wing imaginal disks (Mirth et al., 2005, 2009;
Shingleton et al.,2005; Stieper et al.,2008).
The hormonal changes associated with attainment of critical
sizewereﬁrstdescribedforalepidopteran,thetobaccohornworm
Manduca sexta. Here, critical size triggers a decline in the level of
circulating JH, which, when it falls below a certain level, triggers
cells in the brain to produce prothoracicotropic hormone (PTTH;
Nijhout and Williams, 1974b). PTTH in turn stimulates the pro-
thoracicglandtoproduceecdysone(DominickandTruman,1985;
Gilbert et al., 2002). It is the ecdysone pulse late in larval devel-
opment that stimulates continued growth and patterning in the
imaginal disks (Nijhout and Grunert,2010),the cessation of feed-
ing (and hence the end of body growth; Dominick and Truman,
1985), and ultimately pupation and metamorphosis (and hence
the end of organ growth; Truman and Riddiford,1974; Riddiford,
1993).RemovaloftheglandsthatsynthesizeJH,thecorporaallata,
causes premature onset of metamorphosis resulting in tiny adults
(Nijhout and Williams, 1974b), identifying JH as the principle
regulator of critical weight in Manduca.
The hormonal changes associated with attainment of critical
weight are thought to be similar but not identical in Drosophila.
One notable difference is that JH does not appear to control the
FIGURE3|E n v i r onmentally sensitive developmental thresholds in
the second and third instar as deﬁned in Drosophila.Toward the end of
the second instar, a size-dependent threshold called threshold size for
metamorphosis determines whether the following molt will be the ﬁnal
larval molt before metamorphosis.The precise timing for this event has
not yet been determined. At the beginning of the third instar,
environmentally sensitive thresholds control the transition to
metamorphosis. Minimal viable weights for pupariation and eclosion are
the minimal sizes above which larvae can survive starvation to
metamorphose and to eclose to adults respectively. Critical weight, also
referred to as critical size, is the minimal size at which the onset of
metamorphosis can no longer be delayed by starvation.
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timing of metamorphosis: larvae that lack corpora allata show a
slightdevelopmentaldelayratherthenprecociousmetamorphosis
(Riddiford et al., 2010). JH does, however, reduce ﬁnal body size,
presumably by reducing growth rate (Riddiford et al., 2010).
InDrosophila,ecdysoneplaysacentralroleinregulatingcritical
weight. In the third and ﬁnal instar,three small peaks of ecdysone
prepare the larva for the onset of metamorphosis (Warren et al.,
2006). The ﬁrst of these peaks reaches its maximum at around 8h
after the molt from second to third instar (Warren et al., 2006)
around the same time as critical weight is attained (Mirth et al.,
2005). For this reason, this peak has come to be known as the
critical weight ecdysone peak.
As discussed above, starving larvae before they reach critical
weightdelaystheirdevelopment.Thesameistrueforsystemicsup-
pression of the insulin signaling pathway (Shingleton et al.,2005).
Thus attainment of critical size appears to be insulin dependent.
Additionaldataindicatethatinsulin/TORsignalingintheprotho-
racicglandregulatesthecriticalweighttransition.Hyperactivating
insulinsignalingspeciﬁcallyintheprothoracicglandcauseslarvae
to reach critical weight prematurely (Caldwell et al.,2005;Colom-
bani et al.,2005; Mirth et al.,2005). Conversely,repressing insulin
or TOR signaling in the prothoracic gland delays development
and the onset of metamorphosis (Layalle et al., 2008; Mirth et al.,
2009).
Insulin/TOR signaling in the prothoracic gland induces these
developmental delays under poor nutritional conditions presum-
ablybyreducingecdysonesynthesis(Colombanietal.,2005;Mirth
et al.,2005) during the critical weight ecdysone peak. Evidence for
this comes from studies of the effects of nutrition on patterning
intheimaginaldisks.Starvingpre-criticalweightlarvaedelaysthe
expression of patterning gene products such as Wingless, Sense-
less, and Cut in the wing disks (Mirth et al., 2009). Post-critical
weight larvae continue patterning their disks when starved.
Ecdysoneexertsitsactionbybindingtothefunctionalecdysone
receptor (EcR), a heterodimer of EcR and Ultraspiracle (Usp;
Koelleetal.,1991;Yaoetal.,1992).TheEcR/Uspheterodimeracti-
vates the transcription of target genes in the presence of ecdysone
and represses transcription in its absence (Schubiger and Truman,
2000; Cherbas et al., 2003; Hu et al., 2003; Schubiger et al., 2005;
Brown et al., 2006). Knocking down either EcR or Usp eliminates
therepressiveactionof thefunctionalEcR,therebypartiallymim-
icking ecdysone action (Schubiger and Truman, 2000; Cherbas
et al., 2003; Hu et al., 2003; Schubiger et al., 2005; Brown et al.,
2006; Mirth et al., 2009). Either activating insulin signaling in
the prothoracic gland or knocking down EcR speciﬁcally in the
imaginaldisksof starvedpre-criticalweightlarvaeallowsthewing
disks to continue patterning (Mirth et al., 2009). These data have
been used to demonstrate that starvation, via the insulin/TOR
pathway, reduces ecdysone synthesis at critical weight thereby
delaying development. How insulin/TOR signaling affects the two
remainingecdysonepeakshasnotyetbeendeterminedandwould
identify whether these peaks regulate developmental events that
also depend on nutrition.
Up-ordown-regulatingthePTTH/RAS/MAPKpathwayinthe
prothoracicglandalsoaffectsthetimingof ecdysonesynthesisand
the onset of metamorphosis (Caldwell et al.,2005). In Drosophila,
PTTH/RAS/MAPK signaling in the prothoracic gland is activated
when PTTH binds to its receptor Torso (Rewitz et al., 2009). Like
lepidopterans, Drosophila larvae also synthesize PTTH in neu-
rosecretory cells in the brain, and ablation of these cells leads to
a substantial developmental delay, in part caused by a delay in
the attainment of critical weight (McBrayer et al., 2007; Ou et al.,
2011). Intriguingly, PTTH transcription in Drosophila shows a
cyclical proﬁle with a periodicity of ∼8h(McBrayer et al., 2007;
Ouetal.,2011).Larvaethataremutantforacomponentof thecir-
cadianclock,pigmentdispersionfactor,showdisruptedperiodicity
in PTTH transcription (McBrayer et al., 2007). This suggests that
PTTH may impose some circadian control over ecdysone synthe-
sis,which echoes its role in lepidopterans where PTTH is released
in a photo-dependent manner after attainment of critical weight
(Nijhout and Williams, 1974a). Further, PTTH transcription is
also regulated by the development of the imaginal disks. Damage
to the disks causes a delay in development and the attainment of
critical weight, in part through a suppression of PTTH synthesis
(Halme et al., 2010). Taken together, PTTH integrates circadian
cues and cues from the developing imaginal tissues to regulate
ecdysone synthesis.
Thus the synthesis of ecdysone at critical weight is regulated by
at least two signaling pathways in Drosophila, each pathway pos-
sibly providing different sources of information: the insulin/TOR
signaling pathway providing information about the nutritional
status of the larva and the PTTH/RAS/MAPK pathway provid-
ing temporal information and information about the develop-
mental status of the imaginal disks. We do not yet understand
how information is integrated by the two pathways. Potentially,
insulin/TOR-andPTTH-signalingmaycontrolecdysonesynthesis
at the critical weight transition in an additive manner. Reduc-
ing insulin/TOR signaling in the prothoracic gland before critical
weight causes a developmental delay but does not prevent meta-
morphosis (Caldwell et al., 2005; Mirth et al., 2005; Layalle et al.,
2008). Similarly ablation of the PTTH-producing cells also delays
but does not prevent metamorphosis (McBrayer et al., 2007). By
down-regulatingonepathway,theotherpathwaymaycompensate,
but requires more time to do so.
Alternatively, insulin/TOR and PTTH-signaling may inter-
act synergistically, with signaling through one pathway enhanc-
ing signaling through the other. Some evidence for this comes
from studies of the silkworm Bombyx mori, where applying
Wortmannin, a drug that inhibits phosphatidylinositol-3 kinase
(Powis et al., 1994) an important component in the insulin sig-
naling pathway, greatly reduces the levels of PTTH-stimulated
ecdysone synthesis (Gu et al., 2011). In addition, recent research
in Drosophila has hinted at how integration may be regulated
molecularly: transforming growth factor (TGF) β/Activin sig-
naling mediates the response to both PTTH and dILPs by reg-
ulating the expression of both the PTTH receptor, Torso, and
the dILP receptor, InR, in the prothoracic gland cells (Gibbens
et al., 2011). Further, PTTH/RAS/MAPK signaling regulates
the expression of Inr (Zhang et al., 2008), and so may sen-
sitize the prothoracic gland to nutritional signaling via the
insulin/TOR signaling pathway. Together, these results will allow
us to test whether PTTH/RAS/MAPK and insulin/TOR signal-
ing act additively or synergistically to control the critical weight
ecdysone peak.
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Work in the last year has identiﬁed an additional factor reg-
ulating critical weight in Manduca. This research shows that
caterpillars reach critical weight when their ﬁxed tracheal vol-
ume begins to limit oxygen transfer to the body’s growing tissues
(Callier and Nijhout, 2011). Rearing larvae in hypoxic condi-
tions induces earlier critical weight transitions, and rearing them
in hyperoxic conditions induces delayed transitions (Callier and
Nijhout,2011). These results have led Callier and Nijhout to con-
clude that oxidative stress regulates ecdysone synthesis to control
critical weight, possibly via the hypoxia inducible factor-1 (HIF-
1) pathway, the canonical oxygen-sensing signaling pathway in all
animals (Figure4; Hampton and Peet,2009). Whether HIF-1 sig-
naling inﬂuences ecdysone synthesis directly or via insulin/TOR
or PTTH or some other pathway is unclear, although in mam-
malian cells the HIF-1 and insulin/TOR signaling pathways have
been shown to interact (Yu et al.,2012).
Collectively, these data suggest that the critical weight transi-
tion is regulated by multiple signaling pathways each integrating
a set of environmental cues to impact ecdysone synthesis itself
(Figure 4). These pathways may work together to initiate timely
metamorphosis only when a larvae has stored sufﬁcient nutrients
to complete development to adulthood, when it has outgrown
its tracheal system, when its organs are at the correct develop-
mental stage, and at the appropriate time of day (larvae tend to
begin metamorphosis during the night; Roberts et al.,1987). This
hypothesisremainstobetested.Furthermore,althoughthismodel
relates principally to the regulation of critical weight, it provides
a framework for understanding other environmentally dependent
developmental transitions. Transitions such as the minimal viable
weight and threshold weight for metamorphosis are also likely to
involve signaling pathways responsive to multiple environmental
cues.Likecriticalweight,theyarelikelytoregulateorberegulated
by insulin/TOR and the ecdysone-signaling cascades.
GENETIC REGULATION OF BODY SIZE: LESSONS FROM
COMPARISONS OF EXPERIMENTAL EVOLUTION AND
DEVELOPMENTAL PLASTICITY
In addition to variation induced by environmental factors, body
size also varies between species, populations, or sexes as a result
of genetic differences. Decades of studies of wild populations of
Drosophila show that size increases with increasing latitude and
altitude, a pattern repeated across continents called clinal varia-
tion in body size (James and Partridge, 1995; James et al., 1995;
Robinson and Partridge, 2001; de Jong and Bochdanovits, 2003).
This geographical feature of body size appears to be under strong
selection. Ten years after Drosophila subobscura was introduced
to North America, they showed no clinal variation (Huey et al.,
2000). Twenty years after introduction, this species developed a
structure of clinal variation with latitude similar to the ancestral
populations (Huey et al.,2000). This raises the question: what are
thedevelopmentalmechanismstargetedbyselectionthatresultin
the variation in body size seen across latitudes and altitudes?
One method to answer this question is to identify the size-
regulatory mechanisms that have been targeted by selection on
adult body size in artiﬁcial selection and experimental evolution
experiments. In general,selection for a change in body size results
inachangeinthedurationoflarvalgrowthratherthanachangein
l a r v a lg r o w t hr a t e( Reeve, 1954; Robertson, 1963; Hillesheim and
Stearns, 1992; Partridge and Fowler, 1993; Partridge et al., 1999).
In at least one of these experiments (Partridge et al., 1999), the
FIGURE4|F a c t o r sa n dmolecular mechanisms that inﬂuence ecdysone
synthesis and the timing of critical weight attainment. Many
environmentally sensitive pathways act to regulate the ecdysone synthesis
pathway in a redundant manner. When one environmental signal is perturbed,
another pathway steps in and allows pupariation, albeit with a delay. For
example, starving larvae before they reach critical weight causes a delay
because the prothoracic gland must rely on other inputs to initiate ecdysone
synthesis. However, once ecdysone synthesis has been initiated it is
irreversible.Thus, critical weight represents a switch rather than the
maintenance of a state.
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increase in the duration of development was associated with an
increase in the minimal viable weight for pupariation, which in
Drosophila correlates with the critical weight (Stieper et al.,2008).
Similarly in Manduca, accidental selection for large caterpillars
over 30years of laboratory culture resulted in an increase in body
sizedue,inpart,toincreasedcriticalweight(D’Amicoetal.,2001).
Thus selection for an increase or decrease in body size may target
the mechanisms that regulate critical weight.
A second approach has been to evolve laboratory populations
of Drosophila in environmental conditions that mimic those that
vary across latitudinal and altitudinal clines, speciﬁcally temper-
ature (which decreases with latitude and altitude) and oxygen
level(whichdecreaseswithaltitude).Cold-adaptedDrosophila are
larger than warm-adapted animals when reared at the same tem-
perature (Figure 5; Partridge et al., 1994; James and Partridge,
1995; Bochdanovits and de Jong, 2003). Conversely hypoxia-
adapted Drosophila are smaller relative to norm- and hyperoxia-
adapted Drosophila when reared at the same oxygen level (Zhou
et al., 2007, 2011; Klok and Harrison, 2009). The fact that low
levels of oxygen tend to select for smaller ﬂies suggests that the
altitudinal cline in body size is likely an evolved response to
temperature.
In the case of both temperature and oxygen evolved responses,
the evolved response on body size occurs in the same direction
as the plastic response. For any single genotype, rearing larvae
at lower temperatures generates larger adults (Figure 5; Partridge
etal.,1994;NunneyandCheung,1997;Frenchetal.,1998;Shingle-
ton et al., 2009), echoing the evolved response. Similarly, for any
single genotype, rearing larvae at lower oxygen levels generates
smaller adults (Peck and Maddrell, 2005).
Because the evolved and plastic responses to changes in tem-
perature show similar effects on body size, this suggests that the
evolution of body size results from selection on the mechanisms
underlying the plastic response. However, the evolved and plastic
responses do not appear to be controlled by the same mecha-
nisms. The plastic response to decreased temperature is due to an
increase in developmental time (James et al.,1997) and a decrease
inlarvalgrowthrate(Ray,1960).Incontrast,theevolvedresponse
to temperature is the reverse: cold-adapted ﬂies have a decreased
developmental time and an increased growth rate compared to
warm-adapted ﬂies when reared at the same temperature (Par-
tridge et al., 1994). Nevertheless, in both cold-adapted ﬂies and
non-adapted ﬂies reared at low temperatures,the increase in body
size appears to be correlated with an increase in the efﬁciency
with which they convert a ﬁxed amount of food into adult tissue
(RobinsonandPartridge,2001).Theplasticandevolvedresponses
to temperature may appear to differ because we have yet to iden-
tify the correct environmentally induced developmental response
under selection. This highlights the need to understand how dif-
ferent environmental conditions regulate body size at the level of
genetic and physiological mechanisms, and the need to under-
stand which of these mechanisms change to produce the evolved
responses in body size.
A number of studies have directly addressed the genetic under-
pinning of size variation. A familiar example,the impressive vari-
ation in body size seen in breeds of dog is mostly due to allelic
variation of the insulin-like growth factor-1 gene (Sutter et al.,
2007). In addition, a recent study comparing two species of jewel
wasp,Nasoniavitripennis andN.giraulti,showthatamale-speciﬁc
difference in wing size and shape results from differences in the
FIGURE5|E v o l v e da n dplastic responses to cold temperature
produce larger animals with different size-related phenotypes.
Cold-adapted ﬂies show shorter development times, increased growth
rate and larger body and wing size when reared at the same
temperature as non-adapted ﬂies. Although the plastic response to cold
temperature includes larger body and wing size, larvae raised at colder
temperatures (17˚C) show increased development time and reduced
growth rates.
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expression of unpaired, a ligand of the JAK/STAT stress signal-
ing pathway (Loehlin andWerren,2012). Both results suggest that
the genetic component of size variation results from selection on
the mechanisms underlying the responses to environmental con-
ditions. Further work in other organisms will clarify if this is a
general pattern.
In Drosophila,studies of quantitative trait loci reveal that clinal
variation in body size associates with cosmopolitan chromosome
inversions. The frequency of two inversions in particular asso-
ciate with latitudinal clines in Africa, Europe, South America,
and Australia, In(2L)t/In(2L)NS (van’t Land et al., 2000) and
In(3R)P/In(3R)K (Weeks et al., 2002). These inversions contain
many genes involved in metabolism and insulin/TOR signaling
hinting that variation in insulin/TOR signaling could under-
lie the genetic differences between populations (de Jong and
Bochdanovits,2003).
Although these correlations appear promising, to date
researchers have not directly linked the activity of insulin/TOR or
other genes controlling metabolism with differences in body size
in natural populations of Drosophila. The fact that these inver-
sions associate with latitudinal size clines might suggest that they
contain complexes of co-adapted genes that result in population
differences (Caceres et al., 1997, 1999). A more recent study indi-
catesthathundredsof lociweretargetedbyselectiontoincreaseor
decrease Drosophila body size over 30 generations,suggesting that
body size variation in Drosophila is very polygenic (Turner et al.,
2011). Nevertheless, as discussed above, direct selection on body
size may target very different size-regulatory mechanisms than
indirect selection, for example via thermal-adaptation. A careful
analysisof thegrowthanddevelopmentalfeaturesof thesegenetic
variants compared to what we know about how hormones affect
growth and developmental timing would shed invaluable insight
on the genetics of body size.
COORDINATION OF ORGAN GROWTH: INTEGRATING WHOLE
BODY AND ORGAN-SPECIFIC SIGNALS
Thusfar,thisreviewhasconcentratedonthephysiological-genetic
mechanisms that regulate body size in Drosophila and how vari-
ation in these mechanisms underlies genetic and environmental
variation in body size. Implicit in these mechanisms is that vari-
ation in body size is accompanied by variation in the size of
individual organs that constitute the whole body. After all, the
maintenanceof“correct”bodyproportionsacrossarangeof body
sizes is essential to the maintenance of an animal’s form and func-
tion. Nevertheless, how growth is coordinated among organs to
generate a properly proportioned organism is only now being
elucidated.
Toacertainextent,thecoordinationoforgangrowthappearsto
be regulated by the common exposure of growing tissues to circu-
lating growth regulators released from central endocrine organs.
For example, a reduction in developmental nutrition results in
a coordinated decrease in organ growth through a reduction in
the level of circulating dILPs and tissue-speciﬁc suppression of
the insulin signaling pathway (Brogiolo et al.,2001;Rulifson et al.,
2002).However,althoughsomeorgans,likethewingandeyedisks
of Drosophila,showsigniﬁcantlyreducedgrowthinpoorlyfedlar-
vae,otherorgansareremarkablyconstantintheirbodysizeacross
nutritional conditions. The size of the genital disks (Shingleton
et al., 2005) and the CNS (Cheng et al., 2011) are far less affected
by poor nutrition. The genital disks resist changes in size due to
poor nutrition by expressing low levels of a negative regulator of
insulin signaling, FOXO (Tang et al., 2011). In the CNS, the glial
cells produce a secreted protein, Anaplastic Lymphoma Kinase,
that activates the insulin signaling pathway to stimulate growth
of the neuroblasts and their progeny even under starvation condi-
tions(Chengetal.,2011).Thesestudiesillustratetwomechanisms
that allow organ growth to be spared across environmental condi-
tions.Wewouldexpectthesetypesof mechanismstoactwhenever
there was a strong relationship between organ size and the ﬁtness
of the animal carrying the organ.
Commonexposuretogrowthregulatorsproducedfromcentral
endocrine organs appears to be essential for coordinating organ
growth and development in response to external perturbations
in growth, such as reduced developmental nutrition. However,
they are insufﬁcient to coordinate organ growth and development
when the perturbation is internal and restricted to an individual
organ. In order for developmental systems to cope with local-
ized growth perturbation, the growth-perturbed tissue must be
able to recognize its condition and signal it to other organs in
the body. This appears to be the case in Drosophila.A sm e n -
tioned above, larvae with damaged wing disks delay attainment
of critical weight, presumably to allow additional developmen-
tal time for disk repair (Simpson et al., 1980; Stieper et al., 2008;
Halme et al., 2010). Intriguingly, however, undamaged disks do
not overgrow during this extended developmental period (Parker
and Shingleton, 2011). This is because they slow their growth
to match that of the growth-perturbed wing disk (Parker and
Shingleton, 2011). Thus damaged disks appear to recognize their
conditionandgenerateasignalthatretardsbothdevelopmentand
growth.
It is unclear precisely how this is achieved, although there are
some intriguing clues as to the mechanism. The damaged wings
appear to recognize their condition through activation of the
apoptosismachinery,possiblyviaJNKsignalingandp53.JNKsig-
naling and p53 work together to regulate stress-induced apoptosis
(Morata et al., 2011). Blocking JNK signaling prevents regenera-
tionofdamagedtissue(Boschetal.,2005;Bergantiñosetal.,2010),
while blocking p53 prevents the coordinated non-autonomous
growth retardation of surrounding tissue (Mesquita et al., 2010).
Both phenomena may reﬂect an inhibition of a development-
and growth-retarding signal (or signals) produced by a damaged
disk. This signal (or signals) is currently unknown, although one
candidate is Neural Lazarillo (NLaz), a JNK-regulated secreted
protein that when expressed in the fat body suppresses larval
growth by antagonizing insulin signaling (Hull-Thompson et al.,
2009).Thesignalfromthedamagedimaginaldisksalsosuppresses
ecdysone synthesis, in part by retarding the production of PTTH
in a retinoid-dependent manner (Halme et al., 2010; Figure 6).
Importantly, whilst application of ecdysone rescues the develop-
mental delay observed in larvae with damaged wing disks, it also
rescues growth of the non-growth-perturbed disks (Parker and
Shingleton, 2011). It appears, therefore, that ecdysone is limiting
for developmental progression and organ growth when the wing
disk is growth-perturbed.
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FIGURE6|D amaged or slow-growing disks signal to the other tissues to
reduce their growth and prolong development. Damaged or slow-growing
disks signal their status within the tissue by upregulating stress signaling via
the JNK pathway and the apoptotic machinery protein p53.They signal their
slow growth to the rest of the body, at least in part, through retinoid signaling
and potentially through Neural Lazarillo (NLaz).This reduces ecdysone
synthesis by the prothoracic gland (top tissue in box), reduces growth of
another normally growing disks (leg disk in middle), and reduces PTTH (PTTH
cells in yellow) and may reduce the production of insulin like peptides (dILP)
from the insulin producing cells (in red) in the brain (bottom tissue). In this
manner, growth-perturbed disks delay development although the larvae
eventually metamorphose to produce normally sized adults.
These data indicate that ecdysone not only regulates the timing
of developmentalevents,butalsoimaginaldiskgrowth.Suppress-
ing ecdysone synthesis results in large larvae with disproportion-
atelysmallwingdisks(Mirthetal.,2009).Thus,if systemicgrowth
retardation in larvae with a damaged disk is due to a suppression
of insulinsignaling,possiblyviaNLaz,theapplicationof ecdysone
may rescue growth by allowing the remaining disks to grow in
an insulin-independent manner. If this scenario is correct,insulin
signaling acts on the prothoracic gland to regulate ecdysone syn-
thesis,andecdysone,inturn,feedsbacktocontrolinsulinsynthesis
by the insulin producing cells.
Ecdysone regulates the growth of imaginal tissues in insects
other than Drosophila.I nManduca, most of the growth of the
wing imaginal disks occurs in the wandering phase, after larval
body growth is complete (Nijhout and Grunert, 2002; Nijhout
et al., 2007). Nijhout and Grunert (2010) found both that the
rate and duration of wing disk growth depends on the amount
of growth in the larval body (Nijhout and Grunert, 2010). Fur-
thermore, they found that the growth of the larval body during
the feeding stage correlates with the concentration and duration
of ecdysone secretion at wandering (Nijhout and Grunert, 2010).
Thus ecdysone appears to play a role in regulating proportional
growth in Drosophila and Manduca.I nManduca, the amount of
ecdysonesynthesizedduringthewanderingstagecouldpotentially
be controlled by the amount of dILP6 produced by the fat body
(Okamotoetal.,2009;Slaidinaetal.,2009;ChellandBrand,2010),
as a measure of stored nutrient load.
We are a long way from fully understanding how the size and
shape of organs is determined. Nevertheless,recent advances pro-
vide us with clues as to how organs might regulate their sensitivity
to environmental conditions by regulating insulin/TOR signaling
independent of nutrition. From parallel work,ecdysone is emerg-
ing as a key hormone integrating the growth of organs with each
other and with the body as a whole. This suggests that integration
between insulin/TOR- and ecdysone-signaling is more complex
than originally surmised. Moreover,the interaction between these
two pathways allows them to direct the larvae through environ-
mentallydependentdevelopmentaltransitionswhileensuringthat
organ growth and development remain integrated.
ADDITIONAL REGULATORS OF ORGAN SIZE: INTEGRATING
ORGAN-AUTONOMOUS WITH SYSTEMIC GROWTH
REGULATORS
Theabovediscussionsuggeststhatwehaveagood,andimproving,
understanding of how the different regulators of growth rate and
duration are integrated physiologically to determine ﬁnal body
and organ size. However, there are many known regulators of
organ growth whose inﬂuence on growth at the organismal level
is unknown. Two regulators that warrant speciﬁc mention are
patterning genes and the Hippo pathway.
Patterning genes are short-range paracrine signals (mor-
phogens) and the signaling pathways that produce and respond to
them (Edgar, 2006). They deﬁne the position and size of speciﬁc
tissuetypeswithinanorgan,forexamplethepositionof veinsina
Drosophila wingandthesizeof theinterveinregion(LecuitandLe
Goff, 2007). Consequently, patterning genes are also regulators of
overall organ size, and changes in their expression or activity can
increaseordecreasethesizeof anorgan(DayandLawrence,2000;
Crickmore and Mann, 2006; de Navas et al., 2006). In controlling
the pattern and shape of a particular organ patterning genes must
also regulate and/or be regulated by other processes that control
size. After all,the reduction in leg size in malnourished ﬂies is not
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through a reduction in the number of leg segments, but because
all the segments are proportionally smaller. However, the mech-
anisms that maintain pattern across an environmental range of
organ sizes have yet to be elucidated.
The recently discovered Hippo signaling pathway is also a
known regulator of organ size (Bennett and Harvey, 2006; Dong
et al., 2007; Pan, 2007). The pathway comprises two large atypical
cadherins, Fat and Dachsous (Ds), that sit on the cell membrane
(Sopko et al.,2009). Interactions between Fat and Ds in neighbor-
ing cells activates the former and initiates a signal transduction
cascade that includes Hippo and Warts and that ultimately sup-
presses the activity of the transcription factor Yorkie, a growth
promoter (Halder and Johnson, 2011).
Although the key components of the Hippo pathway have
been well elucidated, its biological function during development
is poorly understood. One function appears to be the regulation
of growth in response to cell density, suppressing growth when
cell density is high (Varelas and Wrana, 2011). This may function
to stop an organ’s growth when it reaches a particular size and
particular cellular density (Shingleton, 2010). It also appears that
the Hippo signaling pathway integrates information from mul-
tiple signaling pathways that regulate growth and development
(Grusche et al., 2010). Intriguingly, regulators of Hippo signaling
include the patterning gene decapentaplegic (Dpp; Rogulja et al.,
2008) and scalloped (Sd; Goulev et al., 2008; Zhang et al., 2008),
linking Hippo signaling with the mechanisms that regulate organ
pattern. Further, Yorkie is activated by apoptosis via JNK signal-
ing (Sun and Irvine, 2011), which may link Hippo signaling to
the mechanisms that coordinate growth among organs. Finally,
Hippo signaling is also regulated by the gene lethal giant larvae
(lgl; Grzeschik et al., 2011), mutations of which also cause devel-
opmental delay and,likely,systemic suppression of organ growth.
However,theextenttowhichorgan-autonomousHippo-regulated
growthisregulatedbyandregulatessystemicphysiologicalgrowth
regulators remains unknown.
A SYNTHETIC VIEW OF BODY SIZE
Adult body size results from both genetic and environmental sig-
nalsthatregulatespeciﬁcstagesof developmenttocontrolgrowth
rateandthedurationofthegrowthperiod.Thesesignalsaretightly
tuned to ensure that organ and overall growth are coordinated
to produce the ﬁttest functional adult given the environmental
conditions. Although we have come a long way in our under-
standing of how this coordination is achieved,much still needs to
be learned.
Perhaps the ultimate goal in understanding the mechanisms
of size control is to be able to precisely predict, given the genetic
proﬁle and the rearing conditions of a larva, the ﬁnal size and
proportions of the emerging adult. We are far from being able
to make such predictions. Up until recently, extensive work on
size regulation produced a catalog of apparently unrelated fac-
tors all known to inﬂuence body and organ size in Drosophila:
insulin/TORsignaling,ecdysone,cellcycleregulators,rearingtem-
perature,latitude,patterning genes,Hippo signaling,etc.Whilst it
is obvious that a developing Drosophila larva must be integrating
these various factors to regulate its ﬁnal body size, it is not at all
clear how this integration is achieved.
Regulators of body size do not act additively. The effects of
a genetic mutation in a growth regulating pathway is unlikely
to have uniform effects across environmental conditions, while
environmental changes in body size will vary from genotype to
genotype.We propose that an important ﬁrst step to a more com-
plete understanding of size control is to connect the hormonal
mechanisms that regulate the rate and duration of growth with
the molecular–genetic mechanisms that control the production
of, and the response to, these hormones at a tissue-speciﬁc level.
The insulin/TOR regulation of ecdysone in the prothoracic gland
isoneexampleof thistypeof connection.However,weknowthere
areotherconnectionstobeelucidated:Howdoesinsulin/TORsig-
naling in the fat body control the release of dILPs from the brain?
How do growth-perturbed organs signal their condition to the
prothoracic gland to inhibit ecdysone synthesis? How is ecdysone
synthesis regulated by hypoxia? These are just the connections
we know about. There are likely connections that have yet to be
discovered.
We envisage that the result of these studies will be the con-
struction of a regulatory network that extends beyond the gene-
regulatory networks, signaling pathways, and hormone cascades
that we are familiar with, but that incorporates the spatial and
temporal dynamics of development. Such a network will have
enormous utility in understanding organismal variation in body
and organ size, due to evolution, the environment and disease.
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